The effects of Pd, Ni, Nb, and Ti interface layers on the thermal stability of Ag films were investigated, and those metals that are appropriate for the interface layers were summarized. The results indicated that Ti and Nb interface layers resulted in thermally stable Ag films by improving the adhesion strength of the Ag films to SiO2 substrates
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Silver (Ag) is useful as reflective coating or electrode in various electronic devices due to its high optical reflectance or low electrical resistivity. 1, 2) However, severe agglomeration of Ag films easily occurs by heating, which causes a significant increase in the electrical resistivity and a drop of the reflectance. It has been reported that the ease of surface Ag diffusion and the poor adhesion of Ag films to oxide substrates are considered to be inherent reasons for the agglomeration. [3] [4] [5] Recently, we have summarized appropriate metal surface layer for the suppression of Ag agglomeration. 6) Namely, it has been found that high cohesive energy or high Gibbs free energy of formation of the oxide (fG o oxide) and a low solid solubility in Ag are important.
Similarly, the insertion of a metallic interface layer has been considered to be a reasonable solution to the agglomeration issue as well as a metal oxide layer. 7) The use of the metallic interface layer could improve the adhesion strength between the Ag film and the substrate, and/or enhance the crystal orientation of Ag(111) to decrease the surface energy. However, there has been little further work reported that details the types of metals that are appropriate for use as the interface layers for Ag films. In the present work, palladium (Pd), nickel (Ni), niobium (Nb), and titanium (Ti) were selected as interface layer metals for investigation, because they have different properties, such as fG
, crystal structure and nearest-neighbor distance 9) , as shown in Table 1 , which are considered to be closely related to the desired roles of these interface layers.
Single-layer Ag (100 nm) film and Ag (100 nm) films with various interface layers (5 nm thick) of Pd, Ni, Nb, and Ti were deposited using rf magnetron sputtering in an Ar atmosphere. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were employed to observe the surface morphology of the films, and the rms surface roughness was calculated through AFM analysis. Micro-scratch testing (scratch speed: 10 μm/s; loading rate: 2.67 mN/s) was conducted to evaluate the adhesion of the film on the SiO2 substrate. The crystal structure was determined by X-ray diffraction (XRD) analysis using Cu Kα radiation. , and AFM analysis shows that the rms surface roughness was 9.2 nm, except where there were voids. Therefore, the Pd interface layer has little effect in suppressing Ag agglomeration. In the Ag/Ni film ( Fig. 1(c) ), the size of the voids was less than a quarter of that in the Ag/Pd film, which suggests that the effect of the Ni interface layer to suppress agglomeration is slightly better than that of 4 the Pd interface layer. However, there were still a large number of voids in the Ag/Ni film. The introduction of Nb or Ti interface layers resulted in much fewer voids and the rms roughness of the Ag/Nb (Fig. 1(d) ) and Ag/Ti ( Fig. 1(e) ) films decreased to 5.4 and 3.4 nm, respectively. This indicates that the morphological stability of the Ag films can be significantly improved by the implementation of Nb and Ti interface layers, especially the Ti interface layer, which is considered to be the optimum layer by comparison.
The main roles of the interface layer are discussed in detail. Figure 2 shows the critical delamination load of the as-deposited films, which was measured by micro-scratch testing to evaluate the adhesion strength of the film to the substrate. As a result, it is found that insertion of Ni, Nb, and Ti interface layers increases the adhesion strength of the Ag films to the SiO2 substrates to more than four times that of the single-layer Ag film. However, the use of the Pd interface layer has little influence on the adhesion characteristics. As shown in Table 1 The mechanism for the change in the Ag(111) orientation with the various interface layers is discussed. Table 1 shows that Ag, Pd, and Ni have a fcc structure, Nb has a bcc structure, and Ti has a hcp structure. It has been confirmed that single-layer Pd, Ni, Nb, and Ti films deposited on SiO2 substrates exhibit a preferential orientation of their respective close-packed planes. Note that any three neighboring atoms closely link and form an equilateral triangle in the close-packed planes of fcc(111) and hcp(0001). Thus, considering that the nearest-neighbor distances for Ag and Ti are both 0.289 nm, as shown in Table 1 , the Ag(111) plane can be easily located on the Ti(0001) plane.
However, the nearest-neighbor distances for Pd (0.275 nm) and Ni (0.249 nm) do not match well with that for Ag; therefore, the crystal orientation of Ag (111) was not improved on these metal layers. The nearest-neighbor distance has been considered to be the diameter of a metal atom, dmetal. Thus, an atomic diameter ratio of dmetal/dAg ≈ 1 is important for metals with a fcc or hcp structure to improve the orientation of Ag(111).
In addition, it has been reported that it is difficult for fcc(111) planes to arrange on bcc(110) planes unless the Nishiyama-Wassermann (NW) 13, 14) or Kurdjumov-Sachs (KS) 15) relationships are satisfactory 16, 17) . For the NW case, the optimal ratio is dbcc/dfcc = 0.866 or 1.061, whereas that for the KS case is dbcc/dfcc = 0.919. For an atomic diameter ratio close to one of these values, the corresponding orientation is usually observed.
18) The atomic diameter ratio for dNb/dAg is determined to be 0.990, which is close to both 1.061 and 0.919, which indicates that it is possible for a Ag film on a Nb interface layer to grow according to the NW or/and KS path. However, the atomic diameter ratio for dTi/dAg is closer to the ideal value than that for dNb/dAg; therefore, the effect of the Ti interface layer in improving the crystal orientation of Ag(111) is greater.
In conclusion, appropriate interface layers, such as Nb and Ti nanolayers, increase the 
